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ABSTRACT
One of the challenges for long duration space voyages is to maintain astronaut’s
health. Studies on Astronauts in the Mir space station have confirmed a loss of 1-2%
in bone mass density for each month. They are prone to lose as much as 20% of
their bone strength in the lower body which includes pelvis, hip bone, legs and feet
over a six month duration of space flight. Muscle loss of 10 to 20 % was observed
during short missions and up to 50% loss in long duration missions when appropriate
countermeasures were not prescribed. The primary objective of this research is to
develop a systematic means of determining the appropriate body weight replacement
load under various conditions in weightlessness so that similar bone and muscle forces
would be experienced as in 1g squat.
The study involved obtaining motion capture data from four female subjects while
performing a body weight squat at the Human Systems and Simulations Laboratory
(HSSL) at the University of Cincinnati. In the 1g environment, the normalized peak
muscle forces are 14.3 N/kg in the gluteal muscle group, 5.6 N/kg in the hamstrings,
35.9 N/kg in the quadriceps and 32.4 N/kg in the calf muscle group. The normalized
peak joint reaction loads are 35.6 N/kg at the hip joint, 46.4 N/kg at the knee joint,
95.5 N/kg at the ankle joint and 16.7 N/kg at the lumbar joint.
It was performed by varying the external loads at the shoulders from 50% BW
to 150% BW in 10% increments. A weighted least squares calculation was then
performed to determine the best external load for comparable joint moments, muscle
forces, and joint reaction loads. The values of the best body weight replacement load
were found to be 71%, 84% and 76% for joint moments, muscle forces, and joint
reaction loads, respectively.
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Chapter 1
INTRODUCTION
1.1 Motivation
One of the primary challenges to the human spaceflight is to maintain astro-
nauts health during long duration missions. The reduced gravity conditions expe-
rienced during spaceflight have profound effects on human physiology resulting in a
multitude of adverse health effects, including bone and muscle atrophy, sleep and
performance depreciation, spatial disorientation, cardiovascular deconditioning and
cephalad (towards the head) fluid shift that results in visual acuity changes and other
consequences.
Figure 1.1: Effects of spaceflight on human physiology.
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Peak power of calf muscles is reduced by 32 % in 6 months, and maximal explosive
power in the lower limbs is reduced by 33% to 55% after 31 and 180 days of spaceflight
Williams et al. (2009).
Studies on the Astronauts who flew on the Mir space station have confirmed a
loss of 1-2% in bone mass density for each month. They are prone to lose as much
as 20% of their bone strength in the lower body which includes pelvis, hip bone, legs
and feet over a six month duration of space flight Williams et al. (2009).
Another study found that an average of 1.6-1.7% loss of outer bone (cortical) mass
and 2.2-2.5% loss of inner bone (trabecular) per month during long-term spaceflight.
For longer missions like voyage to Mars would deteriorate bone to osteoporotic levels
if countermeasures are not used Buckey (2006), Williams et al. (2009), Shackelford
(2008). Hence, the long term goal of this research program to counteract the negative
musculoskeletal effects of reduced gravity during human spaceflight.
Figure 1.2: Summary of bone loss rates during spaceflight Buckey (2006).
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1.2 Thesis statement
The primary focus of this research is to determine body weight replacement load
(BWR) during a squat exercise in weightlessness to correlate 1g and 0g joint torques,
muscle forces and joint loads according to the regions of interest. It includes varying
the external loads from 50% BW to 150% BW with 10% increments added at the
shoulders to determine bone and muscle loading behavior in 0g.
1.3 Primary objective
The primary objective of this study lies in determining a quantitative method for
Body weight replacement (BWR) load in micro-gravity to increase the effectiveness
and efficiency for a squat exercise. The goal is to achieve a distribution of bone
and muscle forces that closely compare to the bone and muscle forces that would be
experienced during a squat exercise in 1g environment according to the regions of
interest.
1.4 Need statement
Improving the effectiveness of squat exercise in weightlessness may, in part, be
accomplished by adjusting the exercise prescription in weightlessness to more closely
approximate 1-G-like squat exercise body loading. There exists a need for a system-
atic means of adjusting the 0-G exercise prescription to more accurately replicate 1-G
body loading for selected regions of interest in terms of joint torque, joint force or
muscle force. Such improved exercise prescription for Astronauts during space flight
would reduce their physical limitations and thereby would improve their performance
during extravehicular activity. Currently, NASA uses exercise with a treadmill, a
cycle ergometer and the Advanced Resistive Exercise Device (ARED), amongst other
3
means, as the primary countermeasures against bone and muscle loss and cardio-
vascular deconditioning for astronauts aboard the International Space Station (ISS).
However, these systems have not still completely mitigated the atrophy of bone and
muscle.
1.5 Specific aims
• Determine bone and muscle forces during squat exercise in 1g.
• Determine bone and muscle forces during squat exercise in weightlessness for
different external loads.
• Develop a quantitative method to replicate 1g conditions in 0g with external
loads.
1.6 Contributions
Understanding this bone and muscle loading in 1g and micro-gravity conditions
would help us improve the present exercise prescriptions or equipment for Astronauts.
Also, more than 10 million people suffer from osteoporosis (loss of bone mass density)
with a majority of post-menopausal women among these numbers. This research can
also be applied to improve treatment of osteoporosis and injury prevention in the
elderly and recovery and rehabilitation for astronauts after space journeys.
1.7 Outline of the thesis
This thesis documents comparison of 1g and 0g squat with different external loads
and a method of determining optimal external load which can stimulate similar bone
and muscle forces as in 1g. This reduces bone and muscle atrophy caused due to
weightlessness. It also includes motivation and the need for current research.
4
Chapter 2 provides an overview of history of exercise in spaceflight. It also reviews
existing literature related to 1g and 0g squats and other related exercise countermea-
sures.
In chapter 3, we discuss the methods and procedures to calculate bone and muscle
forces in different environments. This chapter includes experimental and simulation
set up, Data collection and Data Processing methods. These methods include inverse
kinematics to determine the coordinate positions and translations, inverse dynamics
to estimate the joint forces and moments, Computed Muscle Control (CMC) to esti-
mate the muscle forces followed by joint reaction analysis to calculate the net force
that transfers across a joint.
Chapter 4 begins discussions and quantitatively presents the results of squatting
in 1g and 0g environments. All the data is summarized as mean normalized peak
values across all the subjects. The results from 1g squat are validated and discussed
with the existing literature. Comparisons are laid out between 1g and 0g squats
with different external loads. The results of the proposed method for external load
determination are tabulated. The final two chapters 5 and 6 draws conclusions about
the results of the study and presents recommendations for future work.
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Chapter 2
LITERATURE REVIEW
The current chapter is a brief summary on the history of exercise in spaceflights,
the need for on-board exercises, current exercise equipment used. It also presents a
review on the existing literature related to squat and its bio-mechanics in 1g, hyper
and hypo gravity environment and finally draws out to the importance of current
research.
2.1 History of exercise in spaceflight
Exercise Countermeasures Project (ECP) by Human Research Program of the
NASA works to prevent physiological decrements that effect astronauts performance
and abilities due to reduced gravity. Very little is known about physiological decre-
ments due to weightlessness during the first few manned space flights. Not until
Gemini IV an in-flight experiment was conducted to determine the cardiovascular
responses in weightless environment. Astronauts continued to use this bungee cords
apparatus despite any recorded physiological decrements due to space trips. During
the Apollo program, severe bone and muscle deconditioning was found, where astro-
nauts exercise capacity was found from ergometer experiments pre and post flight.
So, Skylab missions flew with devices like bicycle ergometer which are capable of
applying work-loads, Treadmill with bungee cords and/or waist straps Moore (1986)
and Lower Body Negative Pressure (LBNP) Units.
Although a specific in-flight exercise regimen was not performed in the early Apollo
missions, an exercise device called Exer-Genie was used by astronauts several times a
day for a period of 15-30 minutes. In the later missions, exercise equipment like skylab
6
(a) Ergometer (b) Treadmill
cycle, stationary treadmill which is supported by on-board harness to apply external
loads, Rower, cycle ergometer, EDO treadmill and others were used. The current
exercise countermeasure devices include Cycle Ergometer with Vibration Isolation and
Stabilization System (CEVIS), Treadmill with Vibration Isolation and Stabilization
System (TVIS), Interim resistance exercise device (iRED), Advanced resistive exercise
device (ARED) and T2. The topic of interest for ECP group is to design exercise
hardware or protocols which can provide optimal external loads to stimulate bone
formation and muscle strengthening. The current exercise physiology includes three
parameters of study; bone atrophy, muscle atrophy and aerobic capacity.
Past research on the Skylab flights states that musculoskeletal function would
be impaired in spaceflights especially during a long duration mission like Mars if
7
Figure 2.1: Current ARED/VIS module. Image Credit: NASA
appropriate protective measures are not developed.Postural muscles are effected the
most due to reduced gravity and muscle mass is decreased up to 20% during a 2-
week flight and up to 30% in longer duration flights Shackelford (2008). Apart from
the exercises other methods like electrical muscle stimulation, dietary supplements
with amino acids, artificial gravity are used to reduce muscle atrophy Williams et al.
(2009).
2.2 Literature on biomechanics of squat in 1g
Muscle forces calculated in this study for body weight squat in 1g are compared
to results from Thompson et al. (2014). Also, Dahlkvist et al. (1982) analyzed deep
squatting activity and calculated joint and muscle forces. It provided worthy results
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computed from force plates, films along with X-rays to determine position of lower
limb, Electromyography (EMG) and anthropometric data.
Hwang et al. (2009) reported joint moments while squatting and stoop lifting
5kg, 10 kg and 15kg weights by hand. This paper also compared lumbar extension
moments for different cases. Gullett et al. (2009) compared bio-mechanics of front
and back squats and it is used to validate results from the current study. Escamilla
et al. (2001)
2.3 Literature on biomechanics of squat in reduced gravity
Amonette et al. (2004) studied mechanical and ground reaction force differences
between iRED squat and a smith machine squat. It did not explicitly state the data
collection environment for iRED as 1g or 0g and no solid conclusions are drawn except
for the wide variance between the two types of squat.
A study by Anybody technology investigated and simulated the effects of micro-
gravity on muscle behavior and bone strains while walking on a treadmill. They
used Anybody Technology, a simulation software using finite element methods. They
modeled harness in 0g and computed strain acting on a bone (tibia) at an instance
in 1g and 0g conditions.
De Witt et al. (2013) quantified total external force, displacement, stiffness, and
force variation for bungee cords applied during a typical exercise like running. ?
analyzed a free weight squat and squat using a smith machine. These results are used
to validate muscle activation and muscle forces from the current study.
Studies like Newby et al. (2012) have conducted on-board experiments on the In-
ternational Space Station (ISS) to determine squat kinematics on ARED. The results
from this paper showed a wide variation between squat kinematics of different sub-
jects. The knee and hip angles are shallow in a few subjects and very large in the
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others. Also, the subjects did not return to upright position as in 1g squat and so,
hip flexions are recorded. Also, large anterior-posterior shear forces were recorded at
the bottom of the squat which resulted in shifting of Center of Pressure (COP) to
toes. Micro-gravity simulation in the current research involved removing the pelvis
trajectory from the joint kinematic data generated from 1g simulation. Hence the
squat simulation in weightlessness visually confirms with the squat videotaped on the
ISS.
2.4 Other related literature
De Witt and Ploutz-Snyder (2014) worked on ground reaction forces evaluations
during treadmill running in micro-gravity. This study concludes less ground reaction
forces in 0g than in 1g at a given speed and given gravity replacement force. Further,
it recommends increase in the running speeds to increase the mechanical loads applied
to musculoskeletal system to improve exercise efficiency.
Hyper-gravity resistance exercises using artificial gravity as a countermeasure for
micro-gravity was proposed by Yang et al. (2007). They have compared foot forces
in 1g and hyper-gravity squats, kinematics and EMG activities at selected joints and
muscles. They have noticed differences in right and left foot forces. According to this
study, the subjects achieved similar or higher foot forces in hyper-gravity squats and
it is 3.25- 2.58 g to reproduce 1g foot forces. Additionally, it states that this high
loading is safe and tolerable during these artificial gravity experiments.
Although, there is a lot of literature related to bio-mechanics of squat and its
analysis, most of these experiments are limited to 1g environment. The current
study simulates a micro-gravity squat to estimate bone and muscle forces. This is
further supplemented by determining a body weight replacement load for squat in
weightlessness to replicate 1g bone and muscle forces. An approach to estimate this
10
body weight replacement load is also proposed.
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Chapter 3
METHODOLOGY
This chapter details the methods and techniques used to collect experimental data. It
briefly explains the algorithms and Opensim simulation pipe-line used to determine
bone and muscle forces during the activity. The current chapter also holds information
ND techniques adopted to simulate 1g and 0g body weight squats. The quantitative
approach to determine the best external load applied during a squat in weightless
environment is also detailed.
3.1 Experimental setup
This study is conducted in the Human Systems and Simulation lab at the Uni-
versity of Cincinnati using BTS Bioengineering motion capture system on 4 female
subjects. The motion capture data is collected using eight motion capture cameras
integrated with two-force plates (Model No: 4060, Bertec Corporation). The config-
uration of motion capture cameras is chosen such that it captures trajectory of all
the markers during the motion. This system is synchronized with kinematic, kinetic
and video data which can be collected while the subject is performing task. The
experimental procedure starts with system calibration comprising two steps:
1. Space calibration.
2. Force plate calibration.
Space Calibration involves two steps again, Axes Sequence and Wand Sequence. The
standard axes convention used in Opensim assumes that the model is a full-body
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musculoskeletal model of the human body, standing in an upright position on the
ground. The origin of the model coordinate system is halfway between its feet where
the x-axis of the model coordinate system points forward from the model,the y-axis
points upward, and the z-axis points to the right of the model. If the laboratory
coordinate frame does not coincide with the built-in coordinate axes convention, then
the model should be transformed appropriately Delp et al. (2007). Wand Sequence
defines the experimental space where the motion is captured. Standard deviations
for such calibrations should be below 0.3 units.
3.2 Simulation setup
Current experimental procedures to determine bone and muscle loading during
the space activities include motion analysis and testing on the ISS and testing during
parabolic flights. Data from the above sources are currently unavailable to us, so we
use numerical simulations which are handy to estimate and understand bio-mechanics
and loading in the space. Also, it is impractical to determine the muscle and bone
forces in vivo while performing a motor task. Hence, human musculoskeletal models
and simulations are used to estimate these values in different gravity environments.
Modeling and simulation open source software for musculoskeletal models called
Opensim 3.2 version is used to simulate squat in 1g and weightless environments. It
has got tools to estimate the joint moments, joint reaction loads, muscle forces and
evaluate other muscle parameters. The musculoskeletal model used for this study
is called 3D-Gait Model 2392, which has got 23 degrees of freedom and 92 muscu-
lotendon actuators to represent 76 muscles. Most of these muscles span the lower
extremities and has no arms. An unscaled model stands 1.8m tall and weighs 75.16
kg Delp et al. (2007). In the figure, the red lines show musculotendon actuators/
muscles. Experimental data like inertial parameters for body segments, bone, joint
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and muscle geometry and muscle parameters collected from cadavers testing are used
to build this model. The model architecture is defined as in the Fig.3.1, and the first
free body segment is pelvis and all other body segments originate from this segment
interfaced by joints.
Figure 3.1: 3D Gait 2392 Model Architecture
The pelvic frame lies midway of Anterior Superior Iliac Spine (ASIS) and in neutral
position, the model has zero pelvic tilt with respect to ground. Whereas, in clinical
reports the neutral position corresponds to 12-13 degrees of pelvic tilt. So, this should
be considered while comparing pelvis tilt and hip flexion to the literature. To compare,
subtract angle formed between horizontal plane and line joining ASIS and PSIS from
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clinical pelvis tilt and add it to clinical hip flexion angle. The path of actuators
correspond to the anatomical landmarks on the bone surface and their origin and
insertion are modeled similar to the muscles. For complex muscle geometries/muscle
wraps via points or wrapping points are included. For example, quadriceps have
wrapping points which activate beyond 80 degrees of knee flexion angle. To reduce
the complexity of the model, patella was removed but its insertions are modeled with
moving points in tibia. Also, wrapping points were not modeled for gluteus maximus
beyond 60 degrees of hip flexion. Hence, it is made sure all the research questions lie
within the scope of intended uses of 3D-Gait Model 2392 and simulation framework
of Opensim Delp et al. (2007).
3.3 Subjects
Four female subjects who perform a minimum of three hour high intensity exercises
per week were selected to collect body weight squat experimental data. The mean
age of the participants was 23.7 ± 0.96 years. The mean body mass was 55.10 ± 5.64
kg and mean height was 1.68 ± 0.06 m. All the experimental data is collected with
Institutional review board (IRB) approval. The subject data is tabulated in 3.1.
The range of motion for the squat exercise is limited to 90 degrees of knee flexion
and 60 degrees of hip flexion due to computational restrictions.Participants performed
squat starting and stopping at standing posture and feet were in contact with the
force plates at all times during the exercise.
The best practice while collecting experimental data is to place at least three non-
collinear markers on each body segment that needs to be tracked. Hence, a surface
marker set is designed such that position and orientation of each body segment of
interest can be determined during the entire range of motion. Fig. 3.2 shows the
marker set used for this study.
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Table 3.1: Subject Data
Subject
No.
Age
Height
(ft.)
Weight
(kg)
1 24 5 7 50.8
2 23 5 3 52.9
3 23 5 9 63.4
4 25 5 5 53.3
Mean ± SD 23.75 ± 0.96 1.68 ± 0.06 55.10 ± 5.64
3.4 Data processing methods
3.4.1 Filtering
Experimental data collected by motion capture system has noise and this contam-
inates the velocity and acceleration profiles derived from position data of markers.
Hence, low pass filtering is performed to reduce unwanted fluctuations in the signal
which are a result of measurement errors in the data. Theoretically, we filter the data
to reduce the noise amplification during differentiation process. Fig.3.3 shows vertical
acceleration of ball tossed into air from filtered (black dots) and unfiltered position
data (white dots) with a video camera.
A commonly used digital filter in movement analysis is a Butter-worth filter of
second order, which is of the form:
x′(i) = a0xi + a1xi−1 + a2xi−2 + b1x′i−1 + b2x
′
i−2 (3.1)
where, x is the unfiltered (input) original data = filtered output data, I= ith frame
of the data, i − 1 = frame before the ith frame of data and a0, a1, a2, b1, b2 = filter
coefficients.
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Figure 3.2: Marker set used
To determine the filter coefficients we have to estimate the cut off frequency which
is a key step as it separates our desired signal from the noise. We determine optimal
cut off frequency by Residual Analysis Method. It is a method of estimating optimal
cut off frequency by calculating residuals i.e. difference between filtered and unfiltered
signal over a wide range of cut off frequencies Winter (2009). These residuals are
calculated by the formula:
R(fc) =
√√√√ 1
N
N∑
i=1
(Xi − Xˆi)2 (3.2)
where, fc = cut of frequency, N = number of samples, Xi = raw data at i
th sample
and Xˆi = filtered data at i
th sample.
After calculating residuals, choosing a cut off frequency is a compromise between
signal distortion and amount of noise passed through the filter. We have performed
this analysis separately for the marker data and force plate data. The following figure
shows the residuals plotted against various cut off frequencies for sample marker data
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Figure 3.3: Acceleration of filtered and unfiltered position data Enoka (2008).
(on left) and force plate data (on right). The optimal cut-off frequency for marker
data and force plate data is taken as 7 Hz and 27 Hz respectively.
(a) Residuals at different cut-off frequencies for
sample marker data
(b) Residuals at different cut-off frequencies for
force data
A recent study Kristianslund et al. (2012) related to performance and sports in-
jury bio-mechanics on determining optimal cut-off frequencies for human movements
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Table 3.2: Filtering coefficients for butterworth filter
A1 A2 A3 B1 B2
Marker Data 0.03665 0.0733 0.03665 1.39016 -0.53677
Force
Data
0.03401 0.06802 0.03401 1.39946 -0.5355
specifies that filtering force plate data and marker data at different cut off frequen-
cies would lead to artifacts in the joint moment curves. Filtering force plate data at
higher cut off frequency would retain impact peaks but they are eliminated in seg-
ment accelerations data. However, we can neglect this since we do not produce any
impact peaks for squat movement unlike in high intensity movements like running
and jumping.
The filtering coefficients for different cut off frequencies and sample frequencies
of force plate and marker data is as tabulated. The data is filtered twice in forward
and backward direction to correct the phase distortion. So, we use Fourth order
Butterworth filter with zero lag.
3.4.2 Subject specific scaling
It is a process of optimally moving the virtual markers to match the experimental
markers. An inverse kinematics algorithm is solved to position the model so that
it best matches with the subject. The weights on markers are relative and greater
weights associate to smaller error between the experimental and virtual marker. The
scale measurement set defines the distance between a pair of markers to be measured
and used for scaling as in Fig 3.4. In addition, we can also manually scale the subject
by measuring the body segment length or use coordinate tasks to set the joint angles
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for troublesome joints which are very sensitive to marker placement. Also, make sure
if the hip, knee and ankle angles match the experimental values after scaling. For a
static T pose, the scaled model should have ankle angles less than 5 degrees and hip
flexion angles less than 10 degrees. A good practice is to weigh the bony landmarks
greatest in scaling Delp et al. (2007).
Figure 3.4: Model showing experimental and virtual markers and distances.
The fidelity of motion analysis model is assessed by the following parameters, 1.
Static & Dynamic marker fidelity Error 2. Kinematic (knee) cross talk 3. Pelvis
residual forces & moments Static errors in subject-specific scaling are with in limits
i.e. maximum marker errors are less than 2cm and RMS marker errors are less than
1cm for bony regions as prescribed by Opensim. Similarly for dynamic analysis, the
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maximum and RMS marker errors are limited to 4cm and 2cm respectively. Kine-
matic knee crosstalk is mostly observed in gait analysis while estimating joint angles
from marker trajectories due to artifacts and errors while positioning axes between
articulating bones. The current study deals with an unloaded squat which creates
flexion and extension at knee joint. So, any errors due to kinematic crosstalk are
considered negligible.Pelvic residual forces and moments are the additional forces or
moments supplemented to the model to achieve the desired motion and to satisfy
equations of motion. Hence, these forces and moments added are limited to 25 N and
75 Nm respectively.
3.4.3 Inverse kinematics
Kinematic simulation involves analyzing the motion of the model without consid-
ering the forces causing or produced by the motion. The inverse kinematics tool in
Opensim steps through each time frame to determine the best match between experi-
mental markers and the virtual markers. This is mathematically done by minimizing
a sum of weighted squared errors of markers and/or coordinates and is given by
Min[
∑
i markers
wi||xexp − xvirtual||2 +
∑
j  coordinates
ωi||qexp − qvirtual||2] (3.3)
3.4.4 Inverse dynamics
Dynamic simulation involves analyzing the forces causing or produced by the mo-
tion. It is done in two procedures, Forward Dynamics or Inverse Dynamics. Forward
dynamics predicts the motion resulting from the application of forces and Inverse
dynamics predicts the forces that caused the motion.
We use Inverse dynamics to determine the generalized forces (e.g.: net forces and
moments) at all joints responsible for a movement by solving classical equations of
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motion. Kinematics/ Motion file (position coordinates) and a part of Kinetics (e.g.:
external loads applied to the model) are the inputs for inverse dynamics algorithm.
Inverse dynamics tool on Opensim progressively solves a number of mass dependent
force and acceleration equations to estimate joint forces and torques. An inverse
kinematics file completely defines the generalized coordinates (positions only) for a
motion. Velocity and acceleration coordinates are obtained by differentiating the
position coordinates and hence any noise present will be amplified in process. This
leads to noise in calculated forces and torques. So, filtering of raw coordinate data at
optimal cut off frequency is recommended.
Figure 3.5: Free body diagram of thigh,shank and foot segments.
3.4.5 Computed muscle control (CMC)
Computed muscle control (CMC) tool computes muscle excitation levels that will
drive the generalized coordinates (e.g., joint angles) of a dynamic musculoskeletal
model towards a desired kinematic trajectory. CMC does this by using a combination
of proportional-derivative (PD) control and static optimization. Before the algorithm
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starts i.e. for the first 0.03 seconds of the simulation it computes the initial states
which comprise the generalized coordinates, speeds and muscle states. The algorithm
has got three main steps, they are computing desired set of accelerations using PD law,
computing actuator controls which achieve desired accelerations and use computed
controls to conduct forward dynamic simulation.
Figure 3.6: Control diagram for CMC algorithm Delp et al. (2007).
3.4.6 Joint reaction analysis
Joint Reaction Analysis tool in Opensim is a post processing step that calculates
joint reaction loads at each joint. This is the resultant force or moment that is
transferred between two bodies and these correspond to the internal loads carried by
joint structure. This involves solving 6D Newton Euler equations of motion and uses
muscle forces computed from CMC and all the external forces acting on the model.
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(a) 2D model of lower limb Delp
et al. (2007)
(b) Freebody diagram of shank
segment Delp et al. (2007)
3.5 Hypo-gravity simulation
Ideally, a hypo-gravity squat simulation is developed from the kinetic and kine-
matic data collected during in-orbit experiments or parabolic flights. Due to unavail-
ability of this data we have recreated reduced gravity squat from 1g data. Addition-
ally, videos recorded on the ISS are explored to evaluate the body biomechanics like
pelvis movements, foot tracks etc. We have assumed that the center of mass would
lie at pelvis and its position would move negligibly in the space during a squat ex-
ercise. Hence, we have removed the pelvis track in the vertical direction (along the
y-axis). This seems as a valid assumption since the astronaut pushes the platform
with his/her legs with very little movement of torso.
The kinematic data for body weight squat in 1g environment includes ground
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reaction forces acting at the foot due to the subjects body weight. We will not
experience such ground reaction forces in weightless environment as the subject’s
body weighs almost negligible. However, we do have external forces acting on an
astronaut while performing resistive exercises in the space. The current resistive
device called ARED, helps astronauts perform single-leg and double leg squats with
various external loads on the shoulders. Such loads acting on the shoulders would
generate ground reaction forces acting against the feet from the platform. Hence, the
ground reaction forces acting on the subject’s foot is assumed to be half of the total
shoulder load applied.
Figure 3.7: External Loads in 1g (left) and 0g(right).
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3.6 Optimization method
Determining the best external loading while performing in-flight exercises has
been topic of interest for the NASA exercise countermeasures team. Since excessive
load might injure and insufficient load might not condition bones and muscles, the
problem is not as simple as just using a full body weight as the replacement external
load. The current study performs an analysis from 0.5 BW to 1.5 BW in 0.1 incre-
ments to determine the external load that would provide bone and muscle loads most
comparable to those experienced during a 1g body weight squat.
Further, the relation between external loading and various results like joint mo-
ments, muscle forces and joint loads are identified using either linear or polynomial
regression analysis. An algorithm is developed in Matlab R2015b which minimizes
the weighted sum of least squares of residuals in the joint moments, muscle forces and
joint loads individually. This analysis is performed from 0.3 BW to 1.5 BW with 30
linearly spaced data points between them. The weights were awarded relatively and
in the order of the importance of a joint or muscle group.
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Chapter 4
RESULTS AND DISCUSSIONS
In this chapter the joint moments, muscle forces and joint loads for all the subjects
in 1g and 0g environments are summarized. Further, the results of body weight
replacement load in weightless environment are also presented.
4.1 Validations
Opensim suggests the residual forces and moments to be less than 25 N and 75Nm
respectively. While performing CMC analysis, the algorithm adds additional torques
called reserves to enable the motion. Such reserves given by the actuators should be
less than 10% of the peak joint torques or maximum reserve value should be less than
50 Nm and the RMS value of reserves to be less than 25Nm.
4.2 Joint moments in 1g
The individual joint moment curve for a body weight squat for one of the subjects
is as shown in the Fig.4.1. The moment curves shows peak moments at half the time
period i.e. at the deepest position of the squat.
Fig.4.2 shows the peak joint moments at the hip, knee, ankle and lumbar joints for
different subjects. We have assumed sagittal symmetry, so the joint moments were
averaged for left and right sides. To make individual data comparable to each other
and the existing literature most of the data evaluated is normalized to subject’s body
mass (kg).
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Figure 4.1: Joint moments for bodyweight squat in 1g for one subject.
Figure 4.2: Normalized peak joint moments for bodyweight squat in 1g for different
subjects.
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Figure 4.3: Summary of normalized peak joint moments for 1g body weight squat.
The normalized mean peak hip joint moment calculated is 0.19 ± 0.09 Nm/kg is
less than the 1.0 Nm/kg reported by Hwang et al. (2009) for 66.5 ± 6.37 kg mean
weight while lifting 5 kg weight on hand. We attribute these lower values to lower
range of motion at the hip and knee when compared to 0-125 degrees of knee flexions
and 10-80 deg of hip flexion ranges in Hwang et al. (2009).
The normalized mean peak knee joint moment is 0.96 ±0.16 Nm/kg. This value
lies in the range of normalized peak knee moments reported as 1.0 ± 0.4 Nm/kg
in Gullett et al. (2009), 1.0 Nm/kg for back squat and 0.8 Nm/kg for front squat
reported by Gullett et al. (2009) and 1.0 Nm/kg reported by Stuart et al. (1996).
The normalized mean peak ankle joint moment is 0.41±0.19 Nm/kg. Hwang et al.
(2009) reports this value as 0.8 Nm/kg for knee flexion range of 0-125 degrees. Also,
the activity performed is squat ascending stance with 5kg weight in hand which differs
from the activity in the current study.
Observations from the synchronized video collected during experimentation show
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that there is minimal lumbar extension during squat activity and the estimated nor-
malized mean peak lumbar moment is 0.15±0.31 Nm/kg.
Table 4.1: Summary of joint moments for bodyweight squat in 1g
Joint Name
Normalized Mean Peak
Joint Moment (Nm/kg)
Standard Deviation First Quartile Third Quartile
Hip Joint 0.19 0.09 0.12 0.26
Knee Joint 0.96 0.16 0.85 1.05
Ankle Joint 0.41 0.19 0.34 0.49
Lumbar Joint 0.15 0.31 0.1 0.29
4.3 Muscle forces in 1g
Figure 4.4: Muscle forces for bodyweight squat in 1g for one subject.
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Table 4.2: Muscles and Muscle groups considered for study
Gluteal
Group
Hamstrings Quadriceps Calf
Gluteus minimus Semitendinosus Rectus femoris
Gastrocnemius
medialis
Gluteus medialis Semimembranosus
Vastus
lateralis
Gastrocnemius
lateralis
Gluteal maximus
Biceps femoris
longhead
Vastus
medialis
Soleus
Biceps femoris
shorthead Vastus intermedius
The individual muscle forces curve for body weight squat for one of the subjects
is as shown in the Fig.4.4.
For simplicity, individual muscle forces are summed up into four groups viz.,
Gluteal, Hamstrings, Quadriceps and Calf Muscle groups. This kind of grouping
is followed by Goel et al. (2012), Dahlkvist et al. (1982), Stuart et al. (1996), Thomp-
son et al. (2014) and others. The following table shows the muscle groups and their
associated muscles.
Normalized peak muscle force from gluteal group is estimated as 14.3 ± 3.4 N/kg
which compares to 14-16 N/kg reported by Thompson et al. (2014). Quadriceps
muscle group showed normalized peak muscle force as 35.9±6.5 N/kg which is in the
range of 31-40 N/kg reported by Thompson et al. (2014). Hamstrings showed 5.6±1.2
N/kg normalized peak force similar to 5-15 N/kg reported by Thompson et al. (2014).
There is large variance in the muscle forces generated by Calf muscle group across
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various literatures, Thompson et al. (2014) reports 11-20 N/kg of peak forces and
Goel et al. (2012) presents it as 45.6 N/kg. However, the calf muscle group includes
only soleus and gastrocnemius medialis and there are no details about the same in
Thompson et al. (2014). The present study estimates the normalized peak muscle
force for calf muscle group as 32.4 ± 3.7N/kg. Fig. 4.5 shows the quartiles, mean
and standard deviation for muscle forces during bodyweight squat in 1g environment.
Table 4.3 is associated with figure and quantifies the muscle forces.
Figure 4.5: Summary of normalized peak muscle forces for 1g body weight squat.
Table 4.3: Summary of normalized peak muscle forces for 1g body weight squat
Muscle Group Mean (N/kg) Standard Deviation Lower Quartile Upper Quartile
Gluteal 14.3 3.4 11.6 16.4
Hamstrings 5.6 1.2 4.9 6.3
Quadriceps 35.9 6.5 33.3 39.3
Calf 32.4 3.7 31.2 33.5
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Figure 4.6: Normalized peak muscle forces for bodyweight squat in 1g for different
subjects.
The normalized peak muscle forces in individual subjects is shown in the Fig. 4.6.
4.4 Joint loads in 1g
Most of the literature currently available reports only the knee joint forces and
they describe tibio-femoral joint forces as knee shear forces in posterior, anterior
directions and knee compressive force. The current study estimates joint loads from
simulations performed on Opensim which are transferred at the joints due to all the
muscle forces, inertial forces and all the external loads acting on the model (if any).
These loads are called joint reaction loads and are computed from the distal segment
of the model (starting at foot segment in this case) and progressing to the joint of
interest.
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Figure 4.7: Summary of normalized peak joint loads for body weight squat in 1g.
Escamilla et al. (2001), Hattin et al. (1989) reports 67±52% (BW+load), 13%
anterior normalized peak knee shear forces and 367±122% (BW+load) of normalized
peak knee compressive forces at 90 degrees of knee flexion during squat. The resultant
knee joint load from this study can be calculated as 36.2±17 N/kg for 55.10kg body
mass. The current study records normalized peak knee joint load as 46.4±7.5 N/kg
which lies in the range of existing literature’s knee joint load. Also, this normalized
peak value corresponds to 4.72 BW which exactly compares to 4.6 BW - 6.62 BW of
knee loads reported by Dahlkvist et al. (1982).
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Figure 4.8: Joint reaction loads for bodyweight squat in 1g for a subject.
There is a variance between the joint loads estimated on right and left sides of
the model and the maximum value between left and right hip joint forces across the
subjects vary from 18 N/kg to 50 N/kg. The values derived from Thompson et al.
(2014) are 67 N/kg and 77 N/kg on left and right sides. This variation is seen quite
normal while estimating muscle and bone forces in the literature because the subjects
often perform a motor task unsymmetrically.
This can be observed in the Fig.4.8, which shows joint loads curve during a body
weight squat in 1g for a subject. The normalized peak joint loads summary for a
body weight squat in 1g environment is shown in the Fig 4.7 and associated Table
4.4 quantifies the joint loads for the same.
35
Table 4.4: Summary of joint loads for 1g bodyweight squat
Joint Name Mean (N/kg) Standard Deviation Lower Quartile Upper Quartile
Hip Joint 35.6 3 33.8 37.5
Knee Joint 46.4 7.5 44.2 50.8
Ankle Joint 95.5 10.3 90.6 101.4
Lumbar Joint 16.7 3.2 15 17.7
Figure 4.9: Normalized peak joint loads for body weight squat in 1g for different
subjects.
4.5 Joint moments in 0g
Joint moments during a 0g squat showed a proportionate increase with an increase
in the external load. Fig.4.10 shows the normalized peak joint moments from 0.5BW
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to 1.5BW of external load for every 0.1 BW increment averaged for four subjects. The
slope of moment increment is more in the lumbar and knee joints than the others.
Figure 4.10: Normalized peak joint moments for different external load during 0g
squat.
4.6 Muscle forces in 0g
Peak Muscle forces for a 0g squat with different external loads showed interest
results. Gluteal and hamstrings muscle group showed significantly less growth than
the quadriceps and calf muscles with the increase in the load. Many papers have
also reported considerably lower gluteus maximus EMG activity than quadriceps
during squat Bryanton et al. (2015). Percentages of maximum voluntary isometric
contraction (MVIC) activity range from 17 - 62% for the gluteus maximus but range
from 47 - 75% for the vastus lateralis. This indicates that the back squat may be
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a better exercise for the quadriceps than for the gluteus maximus Bryanton et al.
(2015). Results in this study also show a similar behavior as the external load applied
increased, the quadriceps are more active than the gluteal muscles despite a 0g squat
with external load.
Figure 4.11: Normalized peak muscle forces for different external load during 0g
squat.
The results from Isear Jr et al. (1997) reveals that there is a minimal hamstring ac-
tivity (4-12% MVIC) when compared to the quadriceps activity (VMO: 22-68%, VL:
21-63% of MVIC) during a bodyweight/ unloaded squat. Hamstrings and Quadri-
ceps primarily act during hip extension and knee extension and this results in co-
contraction behavior. Another important function of hamstrings is that it acts as an
antagonist for the gluteal and quadriceps muscle group and improves knee stability.
As there is no additional load carried, the anterior shear forces produced at proximal
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tibia are less and this proportionally needs lesser hamstring activity. The anterior
shear forces (fy) knee joint loads in current study are very less and hence hamstrings
are less active during body weight squat. Investigations on absolute muscle forces
reveal that there is a slight increase in the hamstrings and gluteal muscle forces when
the external load is increased.
Clinical references refer gastrocnemius, soleus and Achilles tendon together as calf
muscle group. The musculoskeletal model selected for this study does not include
Achilles tendon modeling. And hence, the calf muscle group in this study includes
only gastrocnemius(medial and lateral) and soleus muscles.
Calf and quadriceps muscle forces in 0g increased with the increase in the external
load on models shoulder.
4.7 Joint loads in 0g
Fig. 4.12 shows summarized peak joint loads for different external loads applied
at the shoulders.Joint loads during a 0g squat showed a proportionate increase with
increase in the external load. The slope of increment is greater at the knee and lumbar
joints than the others.
4.8 Regression analysis and Optimization
The ground reaction forces on the foot due to bodyweight in weightless environ-
ment are negligible. In order to compensate for the body weight as in 1g, external
loads are added by a bar on the ARED. Currently, the astronauts use approximately
70% of their body weight and this is determined by feedback from the crew and
personal experiences DeWitt et al. (2012). This research proposes a quantitative
method to determine body weight replacement load which would generate compa-
rable bone and muscle forces during a micro-gravity squat. Regression analysis for
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Figure 4.12: Summary of normalized peak joint loads for different external load
during 0g squat.
joint moments, muscle forces and joint loads individually to their best fit R2 value is
performed along with weighted least squares of residuals. The following table shows
the regression functions and weights for each joint and muscle.
This is done using regression functions and minimizing the weighted residuals
when compared to 1g squat data. The weights for a joint or muscle is selected rela-
tively and according to its bone/muscle mass reduction during space travel. Tables
4.5, 4.6, 4.7 show the regression functions, R2 values and corresponding weights given
into the algorithm. The body weight replacement load for the joint moments weight-
ing primarily at hip and knee is 0.71 BW. This value is 0.84 BW to simulate the
muscle forces as in 1g and 0.75 BW for the joint loads. DeWitt et al. (2012) con-
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Table 4.5: Regression functions for joint moments in 0g squat
Joint Moment Regression Function R
2 value Weight
Hip y = 0.3637x +0.0468 0.99 0.5
Knee y = 0.8438x -0.0029 0.99 0.3
Ankle y = 0.4465x +0.2706 0.99 0.1
Lumbar y = 1.0116x + 0.0806 0.99 0.1
ducted a quantitative analysis to determine a relation between joint work and body
weight replacement (BWR)load which would replicate 1g scenario. The results from
this study show that mean BWR load of 66.17±4.92%, 88.30±4.17%, 96.05±1.26%
at the hip, knee and ankle respectively is required to replicate 1g joint works DeWitt
et al. (2012).
Table 4.6: Regression functions for muscle forces in 0g squat
Muscle Force Regression Function R
2 Weights
Gluteal
y = 261.03x6 − 1523.4x5 + 3562x4
- 4246.4x3 + 2706.5x2 − 868.96x + 120.12
0.9396 0.2
Hamstrings
y = 207.42x6 − 1229.9x5 + 2944.9x4
+ 3630.8x3 + 2423.7x2 − 827.91x + 120.05
0.9025 0.2
Quadriceps y = 31.041x + 2.6541 0.9992 0.3
Calf
y = −37.227x4 + 157.57x3 − 238.75x2
+169.77x-8.4129
0.98 0.3
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Table 4.7: Regression functions for joint forces in 0g squat
Joint Load Regression Function R2 Weights
Hip
y = 404.21x6 − 2162x5 + 4450.2x4
- 4347.7 x3 + 1950.2x2 − 262.2x + 20.629
0.6718 0.4
Knee y =40.498x + 16.104 0.9855 0.4
Ankle y = 15.204x3 − 39.524x2 + 56.047x + 91.179 0.9003 0.1
Lumbar y = 38.42x + 7.1395 0.9998 0.1
Fig. 4.13 and Fig. 4.14 shows Matlab GUI developed as a part of this research
which can output body weight replacement Load for squat in weightless environ-
ment according to muscles or joints of interest. Weighting factors can also be given
according to their importance or required exercise protocols.
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Figure 4.13: Graphic User Interface to determine Body weight replacement Load
(BWR).
Figure 4.14: Graphic User Interface showing BWR load to be applied at Shoulders.
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Chapter 5
CONCLUSIONS
Proportionate increase is seen in joint moments as the loading on shoulder increases
during squat in weightless environment seen in Fig. 4.10. Joint dynamics are different
in 1g body weight squat and 0g squat with external loads. Comparison of 1g body
weight squat with 0g squat with external load of 1BW at shoulders in Fig.5.1 reveals
very large moments at lumbar and hip joints although we achieve near to 1g moments
at knee and ankle joints. Large lumbar moments are due to shoulder loads applied
and ground reaction forces transferred from the foot.
Figure 5.1: Comparison of joint moments in 0g and 1g squat
To test the credibility of the results, hand calculations were performed assuming
static conditions at the deepest stance of squat in zero gravity when 1BW of external
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load is applied at shoulders and the calculated joint moment values are 66 Nm at
knee joint, 12 Nm at hip and 44 Nm at lumbar joints. The corresponding simulation
values for joint moments are 51 Nm, 20 Nm and 55 Nm at knee, hip and lumbar joints.
The difference between the calculated and simulated values are due to unaccounted
accelerations of the segments during the motor task.
Quadriceps and Calf muscles contribution is more in body weight squat and this
is evidently seen in 1g and 0g squat results 4.11. A comparison of muscle forces in 1g
and 0g squat can be seen in the Fig. 5.2.
Figure 5.2: Comparison of muscle forces in 0g and 1g squat
From the ten different external loads plotted, the muscle forces in Hamstrings
and Quadriceps look achievable for a single external load at shoulders, however, we
could not generate necessary muscle forces in gluteal group and the muscle forces
exceed the desired values in calf muscles. Investigations with multiple external loads
at shoulders and pelvis might provide a better match with the above muscle groups.
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Also, the past literature shows that squat is a better exercise for quadriceps and calf
muscles than gluteal and hamstring muscle groups Bryanton et al. (2015), Isear Jr
et al. (1997).
Fig.5.3 shows that hip, knee and ankle joint reaction loads can be achieved by
single external load however, this exerts great reaction loads at lumbar joint which is
similar to joint moments behavior in 0g.
Figure 5.3: Comparison of joint loads in 0g and 1g squat
The current study shows a body weight replacement load of 0.71 times bodyweight
would produce similar joint moments as in 1g squat with a residual of 0.09 Nm/kg
and weighted primarily at the hip and knee joints. The body weight replacement load
for the muscle forces is 0.84 times bodyweight with a residual of 67 N/kg weighted
primarily for the quadriceps and calf muscles.Body weight replacement load is 0.75
times bodyweight for the joint loads and 56 N/kg of residual weighted primarily at
the hip and knee joints.
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Chapter 6
FUTURE WORK
The current research has provided us a good understanding of differences between a
1g and 0g squat and its bio-mechanics. This study has also triggered new questions
regarding existing exercise prescriptions and optimization of external loads. A few
topics which can be considered for future work are,
• How would this optimized external load change when astronauts are loaded at
the shoulders and pelvis?
• Difference between kinetic and kinematic data collected during actual micro-
gravity squat or parabolic flights and 1g squat data
• Provide Graphic User Interface (GUI) in Matlab to NASA which can output
optimal external load for conditioning specific bones/muscles during in-flight
exercises.
• The methods in this study can be reiterated with experimental squat data
collected during in-flight or parabolic experiments for more accurate optimal
external loads. This experimental data might include Movement data and/or
Force plate data and/or EMG data.
• Further investigations can also be carried out to include external loads at pelvis
and other body segments.
• Further 1g validations can be performed using Electromyography (EMG) data.
• Musculoskeletal modeling
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• Perform statistical analysis using ANOVA for 0g samples.
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